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Godfrey SB, Lum PS, Chan E, Harris-Love ML. Cortical effects of repetitive finger flexion-vs. extension-resisted tracking movements: a TMS study. J Neurophysiol 109: 1009 -1016 , 2013 . First published November 21, 2012 doi:10.1152 /jn.00143.2012 .-While the cortical effects of repetitive motor activity are generally believed to be task specific, the task parameters that modulate these effects are incompletely understood. Since there are differences in the neural control of flexor vs. extensor muscles, the type of muscles involved in the motor task of interest may be one important parameter. In addition, the role each muscle plays in the task, such as whether or not it is the prime mover, is another potentially important task parameter. In the present study, use-dependent cortical plasticity was examined in healthy volunteers performing a robotic waveform tracking task with either the extensor digitorum communis (EDC) or flexor digitorum superficialis (FDS) acting as the prime mover. Transcranial magnetic stimulation was used to measure corticospinal excitability (CE) and short-interval intracortical inhibition of lower and higher threshold corticospinal neurons (SICI L and SICI H , respectively) before and after a flexion-or extension-resisted finger tracking task. After repetitive performance of the tracking task, there was a significant decrease in SICI L targeting the EDC, while no change in CE targeting EDC was observed. In contrast, the reverse pattern was observed in the FDS: a significant increase in CE with no change in SICI L . There was also a tendency toward increased SICI H targeting whichever muscle was acting as the prime mover, although this effect did not reach statistical significance. We conclude that there is a difference in patterns of use-dependent plasticity between extrinsic finger flexor and extensor muscles performing the same task. transcranial magnetic stimulation; rehabilitation robotics; use-dependent plasticity FOR WELL OVER A DECADE, IT has been understood that voluntary, repetitive, motor activity can induce rapid changes in the physiology of cortical pathways targeting muscles involved in the task, a phenomenon often referred to as "use-dependent plasticity." However, the exact nature and direction of these changes seem to vary in a manner that is not yet fully understood. For example, there have been several reports of increased corticospinal excitability (CE) and/or decreased shortinterval intracortical inhibition (SICI) after repetitive task performance (e.g., Pascual-Leone et al. 1995; Liepert et al. 1998; Classen et al. 1998) , while others have reported the opposite pattern (e.g., Teo et al. 2012; McDonnell and Ridding 2006; Classen et al. 1998) . It is generally agreed that the cortical effects of repetitive motor activity are likely to be specific to the type of motor task performed. However, the task parameters that modulate these effects and the direction of that modulation (up-vs. down-regulation) are not known. We examined two task attributes that may modulate the physiological effects of repetitive motor activity: 1) the type of muscle involved (e.g., flexor vs. extensor), and 2) the role of the muscle in the task performed.
There is evidence that joint flexors and extensors of the upper extremity are controlled differently by the central nervous system. Differential facilitation and inhibition of flexors vs. extensors of the primate forelimb have been shown in primary motor cortex (M1), as well as dorsal and ventral premotor cortex, supplemental motor area, and red nucleus (Belhaj-Saif et al. 1998; Park et al. 2004; Boudrias et al. 2010 ). In addition, lesions of the central nervous system often result in differential effects on flexors vs. extensors of the upper limb (e.g., Beer et al. 2007; Hoffmann et al. 2011) . It seems likely that, given the apparent differences in neural control of joint flexors vs. extensors, the neural effects of repetitive motor activity may differ between them as well. In addition, the role of a particular muscle group as either a prime mover for the task or as the muscle working opposite to the prime mover is also a likely modulator of these use-dependent effects (Z'Graggen et al. 2009; Krutky and Perreault 2007) . Hence, the present study aimed to determine the neural effects of performing a sustained visuomotor tracking task when either a flexor or extensor muscle acts as the prime mover for the task.
We used the Hand Exoskeleton Rehabilitation Robot (HEXORR) to apply resistive torques to the fingers during grasp-like movements . The test task was a skilled, goal-directed, visually guided, finger tracking task that required graded finger flexion and extension movements. We compared the corticospinal excitability and intracortical inhibition of the extensor digitorum communis (EDC) and flexor digitorum superficialis (FDS) in neurologically normal subjects before and after a single session of repetitive finger tracking with sustained resistance applied either to the finger flexors or extensors throughout task performance. The primary objective of the study was to determine whether use-dependent plasticity differs based on whether the muscle is a flexor or extensor and whether or not it acts as the prime mover. Because the finger flexors and extensors produce opposing forces at the joints involved in the task, we were able to compare the effects of motor activity when a muscle acted as a prime mover for the task compared with any effects when it acted as the opposing muscle. We hypothesized that use-dependent plasticity would differ based on whether the muscle is a flexor or extensor of the fingers and whether or not the muscle acts as the prime mover in the task.
MATERIALS AND METHODS
Participants. Ten right-handed, healthy subjects participated in this study (ages 19 -35 ; mean 25.7 Ϯ 4.8 yr; 6 females). Participants had no history of neurological, neuromuscular, or musculoskeletal disorders and had no contraindications to magnetic resonance imaging or transcranial magnetic stimulation (TMS). All participants provided written informed consent according to a protocol approved by the MedStar Health Research Institute Institutional Review Board.
Study design. Use-dependent motor cortex plasticity can be observed after a single session of repetitive use Jensen et al. 2005) . Participants underwent two test sessions separated by at least a 1-wk washout period. During task performance, resistance was provided to either finger flexion or finger extension, with the order counterbalanced. Each session consisted of roughly a 1-h TMS evaluation before and after a 45-min tracking session.
Testing procedures. Surface electromyography (EMG) electrodes were placed on the EDC and FDS muscles of the right arm. Muscles were located, and electrode position confirmed according to the methods described by Perotto et al. (2005) . The amplified EMG signals were filtered (bandpass, 3-10 kHz), sampled at 10 kHz, and stored on a personal computer for off-line analysis. TMS testing was performed using two MagStim200 stimulators (Jali Medical, Woburn, MA) and a figure-of-eight coil with outside wing diameters of 9.5 cm. Pulses from each stimulator were routed through a BiStim device to enable paired-pulse stimulation. The coil was placed tangentially to the scalp with the handle oriented toward the posterior and the intersection of the two wings at a 45°angle to the midline to induce electrical current in the cortex in the posterior-anterior direction (Brasil-Neto et al. 1992; Kaneko et al. 1996) . The optimal coil location relative to the scalp (i.e., hotspot) was chosen as the location that consistently produced the largest peak-to-peak amplitude of motor evoked potentials (MEPs) recorded in both the EDC and FDS; thus one hotspot was used for both muscles. Real-time neuro-navigation, using each participant's own high-resolution MRI scan (Brainsight; Rogue Research, Montreal, Quebec, Canada), was used to record the coil position corresponding to the motor "hotspot" and ensure that the same location was used before and after completion of the tracking task and for both sessions.
Resting motor threshold (RMT) was determined by identifying the lowest stimulation intensity that produced at least 5 positive responses out of 10 in the EDC. A positive response was defined as having a peak-to-peak amplitude of at least 50 V. An input/output, or recruitment curve (RC), was collected by recording the responses to 10 pulses at 90 -150% RMT intensity in increments of 20%. The effect of short-interval intracortical inhibition on both lower and higher threshold corticospinal output neurons was measured as well (SICI L and SICI H , respectively). The procedures for this measurement have been described in detail previously (Kujirai et al. 1993) . Briefly, test stimuli (TS) were delivered either alone (single-pulse stimulation) or preceded 3 ms by a subthreshold conditioning stimulus (CS; pairedpulse stimulation). The CS intensity was kept constant at 80% of RMT, and the intensities of the TS were either 120 or 150% RMT (representing activation of lower and higher threshold corticospinal outputs, respectively). SICI of lower and higher threshold output neurons was tested separately, with 15 paired and 15 single pulses presented in random order. Importantly, the CS intensity needed to produce SICI has been shown to be unrelated to the strength or excitability of the corticospinal output neurons that are being inhibited (Chen et al. 1998) . Therefore, the CS was kept constant to keep the amount of inhibition elicited relatively constant as well. Instead of varying the CS, the TS intensity was varied to recruit lower vs. higher threshold corticospinal output neurons. Since the amount of inhibition recorded can differ based on the intensity of the TS (Chen et al. 1998; Daskalakis et al. 2002; Garry and Thomson 2009 ), we did not directly compare the amount of SICI elicited in low vs. high threshold output neurons (i.e., using lower vs. higher TS). Instead, these measurements were treated as separate dependent variables and compared before vs. after tracking performance.
Tracking task procedures. The finger tracking task was completed using the HEXORR (Fig. 1A) . The participant's hand was held in place by a forearm support and a palmar strap. Small straps at the proximal and intermediate phalanges of the fingers and the distal phalanx of the thumb aligned the hand with the device. The four fingers functioned cooperatively as one unit, and the movements of the metacarpophalangeal joint and proximal interphalangeal joint Fig. 1 . A: Hand Exoskeleton Rehabilitation Robot (HEXORR), shown from above, in full finger flexion, mid-range, and full finger extension, can provide resistive or assistive torques, and can record and display the torques and movements of the user. B: target (white circle) was presented on a monitor in front of the participant, as well as a cursor (gray circle) which the participant could cause to move up or down on the screen with extension or flexion of the fingers, respectively. Participants were asked to track the target circle as closely as possible as it moved through a complex sinusoidal pattern (C). In each repetitive movement session, the robot applied torques resisting either finger extension or flexion throughout the repetitive movement session.
were synchronized. From the fully flexed position, the fingers could extend up to 80°at the metacarpophalangeal and proximal interphalangeal joints (ϳ10°from full extension) and 90°at the interphalangeal joint of the thumb. For this study, the thumb component was driven by, and synchronized with, finger motion. Digital encoders and torque sensors in the finger and thumb components recorded position and torque throughout the movement session. EMG data recorded during tracking was amplified, sampled at 1 kHz, and stored for offline analysis.
Each session included isometric maximum voluntary contractions (MVC) performed before and after performance of the tracking task. The measurement before tracking was used to set the amount of resistive torque applied during the tracking performance session. The posttraining measurement was used to quantify any fatigue effects. To measure MVC, the fingers were extended ϳ40°from full flexion, roughly midway through normal range of motion. Participants were then given three opportunities to produce maximum flexion torque. The experimenter gave oral instructions on when to contract and relax. The process was then repeated for extension torque. Average torque was calculated over a half-second sliding window, and the maximum value was selected as MVC.
Participants were asked to perform a tracking task in which they were presented with a blue circle (appears gray in Fig. 1 ) on a monitor that moved up with finger extension and down with flexion ( Fig. 1B) . A white circle, representing the tracking target, moved up and down in a complex, pseudorandom pattern (Fig. 1C) . Six composite waveforms were created by summing three sinusoids at frequencies of 0.145, 0.253, and 0.274 Hz in which the frequencies were varied slightly to produce similar but unique waveforms. The waveforms were scaled to match the finger range of motion (0 -80°). Each session consisted of six blocks of tracking performance, one for each of the waveforms, presented in random order. Each waveform had 50 peaks of the tracking target, defined as change in direction from extension to flexion. In each session of tracking performance, HEXORR was programmed to produce a torque bias against either the EDC or FDS muscle by producing 5% of the muscle's MVC in the direction opposite to the muscle's natural movement, e.g., for the extensionresisted task, a flexion torque equivalent to 5% of EDC MVC was applied throughout the tracking session (Fig. 1B) . In the extensionresisted task, the EDC acted as the prime mover while the FDS acted as the opposing muscle and vice versa for the flexion-resisted task. Because of the resistance applied during tracking performance, the participant was required to use both concentric and eccentric contractions of the prime mover to control the movement of the cursor. Participants were randomized to receive either the flexion-or extension-resisted task in the first session to remove possible order effects. Before beginning each session, the participant was given 30 s to move freely in and familiarize him/herself with the device. Participants were then instructed to extend and flex their fingers to follow the target circle as closely as possible. They were also informed that the thumb component would follow their finger movements automatically.
Data analysis. In postprocessing, the EMG during MVC was calculated as the maximum root mean square (RMS) of the EMG activity measured by a half-second sliding window. Activation during tracking performance was calculated as the RMS of the EMG activity during the entire trial and normalized to the EMG during MVC. For tracking accuracy, RMS error was calculated by taking the RMS of the difference between the actual and target waveforms at each sample point. This RMS error was then normalized to the RMS error of leaving the hand closed for the entire block of training (i.e., error when no tracking occurs) and subtracted from 1; thus 0% accuracy represents no tracking and 100% accuracy represents perfect tracking. Adaptation to tracking repetition was measured as the slope of the accuracy measurement over the six blocks of tracking performance. Pre-and posttraining MVC measurements, accuracy, and slope of activity-induced accuracy improvement for flexion-and extensionresisted tracking were compared with a Student's paired t-test (alpha ϭ 0.05).
Each subject's RC was normalized to the average pretraining response at 150% RMT for each session. The slope of the RC over 90 -150% of RMT was taken as a measure of CE (Capaday et al. 1999) . SICI was calculated as percent inhibition by comparing the average conditioned (paired-pulse) to the unconditioned (single-pulse) MEP amplitude [100% * (Unconditioned Ϫ Conditioned)/Unconditioned; Kujirai et al. 1993] . Note that, with the use of this method, lower values represent less SICI, allowing for more intuitive interpretation of results.
In the primary statistical analysis, a two-way repeated-measures ANOVA with factors Role (as prime mover or as opposing muscle) and Time (pre or posttracking performance) was used to test for activity-induced differences in CE and SICI of the EDC and FDS. In a secondary analysis, between-muscle effects were tested by performing a repeated-measures ANOVA on the percent change in CE [100% * (Pre CE Ϫ Post CE)/Pre CE] or difference in SICI (percent inhibition post Ϫ percent inhibition pre) with task Role and Muscle as factors. The stability of unconditioned MEP amplitudes from pre-to posttraining was compared using Student's paired t-test. Finally, we calculated the Pearson's produce-moment correlation coefficient to test for a relationship between the slope of the accuracy measurement (i.e., amount of behavioral improvement) and the percent change in physiology after repetitive tracking performance (i.e., amount of change in physiology).
RESULTS
All participants tolerated the repetitive task performance and testing sessions well and completed the study. Accuracy for flexion-resisted and extension-resisted tracking was similar: average accuracy with flexion resistance was 89.5 Ϯ 0.4%, and average accuracy with extension resistance was 89.2 Ϯ 0.7%. A sample of the target trajectory and one subject's tracking trajectory can be found in Fig. 1C . Participant accuracy improved with repetition, measured as the slope of the accuracy measurement over the six blocks of tracking performance. The slope of improvement tended to be slightly steeper for the extension-resisted session but was not significantly different between the two types of tracking tasks (t value ϭ Ϫ1.91, P ϭ 0.09). To ensure there was no carryover from the first session to the second, we compared mean accuracy of the first tracking performance block of session 1 vs. session 2 and found no significant difference (P Ͼ 0.10). To verify that each task was increasing activation of the appropriate muscle, we examined average activation normalized to each subject's EMG during MVC. As expected, both muscles were active in both tasks; however, muscle activation was significantly higher (approximately double) when the muscle acted as the prime mover compared with when it did not (t value ϭ Ϫ6.56, P Ͻ 0.001; t value ϭ 2.97, P Ͻ 0.05 for EDC and FDS, respectively). The average activation for the EDC was 15.5 Ϯ 1.8% of EMG during MVC in the flexion-resisted task and 32.9 Ϯ 0.7% in the extension-resisted task (i.e., while acting as the prime mover). FDS activation followed a similar pattern: in the extensionresisted task, average activation was 7.4 Ϯ 0.6%, whereas average activation was 12.1 Ϯ 0.6% as the prime mover in the flexion-resisted task. Paired t-tests comparing torque produced during MVC pre-vs. posttraining showed no significant muscle fatigue in either muscle for either task (P Ͼ 0.10). Finally, the pretraining RMTs of the two muscles were similar as well. Looking at the raw MEP values from the recruitment curves, both muscles were clearly below threshold at 90% RMT before flexion-resisted (EDC ϭ 32.9 Ϯ 7.2 V and FDS ϭ 31.7 Ϯ 6.0 V) and extension-resisted (EDC ϭ 36.3 Ϯ 10.6 V and FDS ϭ 31.5 Ϯ 3.5 V) tracking. Similarly, both muscles were clearly above threshold at 110% RMT before flexion-resisted (EDC ϭ 301.5 Ϯ 186.2 V and FDS ϭ 244.5 Ϯ 351.9 V) and extension-resisted (EDC ϭ 218.8 Ϯ 1,496 V and FDS ϭ 150.7 Ϯ 82.9 V) tracking.
EDC response to repetitive movement. The primary, withinmuscle, analysis tested for differences in the physiological response to the two types of tracking tasks. In the EDC, there was a significant main effect of Time (f value ϭ 5.83, P Ͻ 0.05) for SICI L (Fig. 2) , indicating a significant decrease in inhibition after performance of the tracking task regardless of the direction of applied resistance. SICI L in the EDC decreased from 49.8 Ϯ 21.7% pre-to 36.9 Ϯ 28.2% posttraining as the prime mover (e.g., extension-resisted task) and from 53.0 Ϯ 21.8% pre-to 44.5 Ϯ 19.4% posttraining in the flexion-resisted task. There was no significant effect of task Role or Role ϫ Time interaction effect for EDC SICI L . There was also no significant main effect or interaction effect for EDC CE or SICI H (Fig. 2) . For SICI L and SICI H , no significant differences (P Ͼ 0.10) were detected in EDC unconditioned MEP amplitudes between pre and post, indicating that the "test MEP" amplitude remained stable after tracking performance (Table 1) .
FDS response to repetitive movement. In the FDS, there was a main effect of Time (f value ϭ 7.51; P Ͻ 0.05) on CE (Fig.  2) , indicating a significant increase in CE after tracking performance regardless of the Role it played in the task. FDS CE (measured as the slope of the recruitment curve) increased from 1.56 Ϯ 0.03 to 2.21 Ϯ 0.23 after performing the tracking task as the prime mover (e.g., flexion-resisted tracking) and from 1.58 Ϯ 0.03 to 2.21 Ϯ 0.31 after extension-resisted tracking. No significant effects of Role or Interaction effects were detected in FDS CE, nor were significant Role, Time, or Interaction effects observed in FDS SICI L or SICI H . There was a significant pre-post increase (t value ϭ Ϫ2.39; P Ͻ 0.05) in the unconditioned MEP amplitudes for SICI L after extensionresisted tracking. This increase in unconditioned MEP amplitude is likely related to the overall increase in CE seen in the FDS after tracking performance. Higher unconditioned MEP values can result in higher SICI measurements (Daskalakis et al. 2002) ; however, no such increase in FDS SICI L was observed. It is also possible that a reduction in SICI L was masked by the increased unconditioned MEP values. No other significant differences in unconditioned MEP amplitudes were observed between conditions.
Between-muscle comparison. The secondary analysis examined between-muscle differences in physiological response to each type of tracking task (Fig. 3) . Dependent variables were percent change in CE and difference in SICI from pre-to posttraining. For percent change in CE, there was a significant main effect of Muscle (f value ϭ 5.85; P Ͻ 0.05), indicating a significant difference between the increase in CE seen in the FDS and the lack of change in CE found in the EDC. No significant Role or Interaction effects were detected for the change in CE. For change in SICI L, no significant Muscle,
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Opposing Muscle (flexion-resisted practice) Role, or Interaction effects were observed. For change in SICI H, there were no significant effects. There was, however, a nonsignificant trend (f value ϭ 4.29; P Ͻ 0.1) toward a main effect of Role. In both muscles, SICI H tended to increase after tracking performance as a prime mover and decrease when acting as the opposing muscle during the tracking task (Fig. 3,  bottom) . No other Muscle or Interaction effects were observed for SICI H . There were no significant correlations between the slope of the accuracy curve and the change in the cortical physiology measurements.
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DISCUSSION
This study is among the first to provide evidence that use-dependent plasticity may rely on different cortical mechanisms depending on the muscles involved in the task. After repetitive performance of a lightly resisted finger tracking task, there was a decrease in intracortical inhibition of the lower threshold corticospinal neurons (SICI L ) targeting EDC, the finger extensor muscle, which was not observed in the FDS, the finger flexor muscle. Further, there was an increase in corticospinal excitability targeting the FDS that was not observed in the EDC. Our findings in the EDC are remarkably similar to a result reported by Smyth et al. (2010) , who measured CE and SICI in the extensor carpi radialis before and after practice of a waveform tracking task similar to that used in the present study. The tracking task required wrist flexion and extension and was performed with the forearm pronated, so that gravity resisted the extensors, requiring both concentric and eccentric contractions to control the cursor. Like the effects we observed in the EDC, the authors report no change in CE but a significant decrease in SICI targeting the extensor carpi radialis. No measurements of wrist flexors were reported however. Together these studies provide evidence that, in extensors of the wrist and fingers, adaptation to repetitive performance of a precision tracking task occurs more via modulation of intracortical inhibition than corticospinal excitability.
Use-dependent effects in flexor vs. extensor muscles. Previous studies have demonstrated the rapid changes in cortical physiology that can occur with repetitive motor activity, including modulation of corticospinal excitability, intracortical inhibition, and representational area of the trained muscles. In many cases, increased corticospinal excitability and decreased SICI are observed after a bout of motor activity (e.g., Classen et al. 1998; Liepert et al. 1998; Butefisch et al. 2000; Muellbacher et al. 2001; Garry et al. 2004; Perez et al. 2004; Ackerley et al. , 2011 . However, in some cases repetitive motor activity has been reported to produce little effect on these measurements , or even the opposite effects, decreased corticospinal excitability and/or increased SICI (e.g., Teo et al. 2012; McDonnell and Ridding 2006; Liepert et al. 1998) . The specific training parameters that modulate these physiological effects are not entirely clear.
Based on the results of the present study, we suggest that the action of the muscle as a flexor vs. extensor may be one modulator of the immediate physiological effects of repetitive movement. The opposite pattern of activity-induced effects that we observed in the FDS and EDC suggest a difference between the two muscles with regard to the neural circuits that were modulated in response to repetitive motor activity. Previous studies have reported differences in neural input to upper extremity flexor vs. extensor muscles, including differences in cortical projections (Palmer and Ashby 1992) , location of their representations in M1 (Z'Graggen et al. 2009), and physiological responses to motor task demands (e.g., Chye et al. 2010; Martin et al. 2006) . It would appear that there are differences between them in their neural adaptation to movement repetition as well, at least in skilled, visually guided motor tasks such as that in the present study. Most of the previous studies of use-dependent modulation of cortical physiology have either been focused on abductors of the finger or thumb or have not directly compared flexors and extensors performing the same task. This study differs from previous studies because, while previous studies have examined, for example, one muscle acting as the task agonist and the other when it acted as the task antagonist, they have not reversed these roles, so that the Muscle and Role factors could actually be separated, as in the present study. This study is therefore one of the first to provide evidence for possible differences between flexors and exten- Values are means Ϯ SE of motor-evoked potential (MEP) amplitude (in V) in response to single (unconditioned) and paired (conditioned) pulses and the resulting measurement of intracortical inhibition (in %). EDC, extensor digitorum communis; FDS, flexor digitorum superficialis (FDS); SICI L and SICI H , short-interval intracortical inhibition at lower and higher threshold.
sors in the physiological adaptation to repetitive motor task performance.
Role of muscle in tracking task. Of course, the specific role of the muscle in the tracking task may also be influencing the results. Others have reported use-dependent effects that were specific to the role of the muscle in the task performed. For example, following a repetitive, ballistic finger extension task, MEPs from the agonist muscle (EDC) have been reported to increase, while those from the antagonist FDS decreased (Krutky and Perreault 2007) . A similar finding was associated with a ballistic wrist extension task (Ackerley et al. 2011) . These findings may seem to conflict with the present finding of increased CE in the FDS after repetitive movement, with no CE change in EDC, regardless of which muscle was resisted during task performance. However, we suggest that this apparent conflict is likely related to another task parameter: the goal of the task. The ballistic motor tasks used in the studies by Krutky and Perreault (2007) and Ackerley et al. (2011) require quick, forceful, concentric contractions of the agonist muscle, while the task in the present study required low-force, precise contractions that were both concentric and eccentric, and required more co-contraction. The former are likely to show larger agonist/antagonist effects, while the present task may not.
Importantly, previous studies have not reported the effects of performing their task in the reverse direction, a ballistic finger or wrist flexion task in which the flexors acted as the agonist. There was therefore no comparison made between flexors and extensors when each acted as the agonist and no within-muscle comparison of training as the task agonist vs. as the task antagonist. This makes it somewhat uncertain whether the previously observed changes were specific to finger and wrist extensors themselves or, more generally, to their role as agonists in a ballistic motor task. However, because a similar pattern was observed in agonist/antagonist pairs at other joints, it seems likely that the effect was role specific (i.e., agonist vs. antagonist) rather than muscle specific. In the present study, however, the use-dependent effects observed in the EDC and FDS occurred regardless of the role of the muscle in the practiced task and are likely therefore more muscle specific than role specific. This is important to note since it provides evidence that, while the effects of repetitive movement are known to be task specific, the task is not the only determiner of repetitive motor effects. In the present case, whether the muscle was a flexor or extensor more strongly influenced use-dependent effects than its particular role in the task. In addition, no Interaction effect between Muscle and Role was observed for any of the physiological measurements. Therefore, there is no indication that, for example, acting as the prime mover affected the physiology of one muscle more than the other.
The expected difference in the neural response to repetitive movement based on the muscle's role in the practiced task was not supported by the results. In the present study, the only hint of a role-specific effect was in the nonsignificant trend observed in SICI H . We measured SICI of both lower and higher threshold corticospinal neurons because the lower threshold neurons are the first recruited and have a role in low-force, more precise movements, while higher threshold corticospinal neurons are recruited when movements with higher force or speed are required. We wondered if there would be an activityinduced difference between muscles in how these neuronal pools are inhibited, particularly since one muscle (the FDS) is a key contributor to high-force power grip tasks, while the other is not, and since the task itself was a low-force, precisiondemanding task. Interestingly, it was indeed SICI L and not SICI H that showed significant modulation with practice but only in the EDC. However, as alluded to above, in both muscles tested, the mean SICI H measurement tended to increase when either muscle acted as the prime mover and decrease when it did not. It should be noted that the higher test stimulus used in this measurement recruits both lower and higher threshold corticospinal neurons. Therefore, the measurement of SICI H includes any effect of SICI L as well. However, since the trend in SICI H does not match the pattern of change in SICI L , it does not seem likely that the trends observed in SICI H were driven by SICI L . However, this does not exclude the possibility that a real change in SICI H could have been obscured by an opposite change in SICI L .
Use of TMS and robotics to inform stroke rehabilitation. Repetitive, task-specific movements can be an effective method of rehabilitating the upper extremities after stroke ( Prange et al. 2006) . Robot-aided therapy has the potential to facilitate repetitive task performance and can be used to provide a wide array of movement conditions, including passive, assisted, and resisted exercises (Kwakkel et al. 2008; Lum et al. 2012; Mehrholz et al. 2008 ). However, the most effective methods of using robotics to retrain movement are not yet known. The most salient pattern of poststroke hand impairment is to have greater difficulty activating finger extensors than finger flexors. Understanding the differences between finger flexors and extensors in response to repetitive movement is therefore relevant both for our understanding of motor learning processes in healthy individuals and for principled selection of training parameters in stroke rehabilitation.
Limitations and future directions. One potentially confounding factor in the present study is the difference in the overall amount of torque that had to be resisted by the finger flexor vs. extensor muscles during performance of the tracking task. The torque bias against the flexor and extensor muscles was equivalent in terms of percentage of torque produced during MVC (5%), but the peak torque of the flexors is substantially higher than that of the extensors. Therefore, the flexors had to produce higher forces than the extensors to accurately perform the tracking movement. Future studies should consider employing conditions in which not only the relative but also the absolute force is matched for flexors and extensors. In the present study, although MVC differed between flexors and extensors, both resistance levels applied during tracking were low and did not induce measurable muscle fatigue. Similarly, since we did not vary the forearm posture, we cannot rule out the possibility that between-muscle differences in use-dependent plasticity were modulated by the prone forearm posture used during the tracking task. We do not believe this is likely, however, because a gravity-compensation algorithm was used so that neither muscle experienced the assistance or resistance of gravity during task performance, a common reason for between-muscle physiological differences related to limb posture. In addition, previous studies showing differences in cortical excitability related to limb posture have shown primarily within-muscle effects (e.g., Borroni et al. 2004; Hayashi et al. 2006) , not between-muscle effects, as were demonstrated here.
Another limitation is that the reported results occurred after only a single session of repetitive movement, and the effects of longer term training could differ. The slight increase in performance accuracy that we observed over the course of this single tracking session suggests that further improvements could occur with longer term training. There were no correlations between the improvement in tracking accuracy and the change in any of the physiological variables, however, so we cannot infer that the change in accuracy was necessarily due to the observed physiological modulation. Interestingly, in stroke patients, Koski et al. (2004) showed a high correlation between changes in physiological measurements after single sessions of a rehabilitation treatment and the long-term therapeutic outcome that occurred with that treatment. This presents the possibility that cortical physiological responses to a single session of repetitive movement could predict the success or failure of a longer period of training. Nevertheless, future studies are needed to verify the physiological and behavioral effects associated with longer term practice of the task used here.
Finally, as discussed above, we measured intracortical inhibition of lower and higher threshold corticospinal neurons to determine whether there is a difference between muscles or between task roles in the activity-induced modulation of these neuronal pools. However, since the measurement of SICI H includes any effect of SICI L as well, interpretation of these effects can be difficult. It appears that the only way to be certain about modulation of SICI H is if there are no changes measured in SICI L .
Summary and conclusions. We conclude that activity-induced plasticity of the pyramidal system can differ depending on the muscle groups involved in the practiced task. In the present study, practicing a low-force, precision tracking task resulted in increased corticospinal excitability in the finger flexors and decreased intracortical inhibition in the finger extensors, regardless of which muscle acted as the prime mover during task performance. An understanding of the physiological effects of repetitive movement based on the muscle groups involved has important implications for our understanding of motor learning in general and motor rehabilitation for individuals with stroke and other neurological disorders. 
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